The baculovirus Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) initiates apoptosis in diverse insects through events triggered by virus DNA (vDNA) replication. To define the proapoptotic pathway and its role in antivirus defense, we investigated the link between the host's DNA damage response (DDR) and apoptosis. We report here that AcMNPV elicits a DDR in the model insect Drosophila melanogaster. Replication of vDNA activated DDR kinases, as evidenced by ATM-driven phosphorylation of the Drosophila histone H2AX homolog (H2Av), a critical regulator of the DDR. Ablation or inhibition of ATM repressed H2Av phosphorylation and blocked virus-induced apoptosis. The DDR kinase inhibitors caffeine and KU55933 also prevented virus-induced apoptosis in cells derived from the permissive AcMNPV host, Spodoptera frugiperda. This block occurred at a step upstream of virus-mediated depletion of the cellular inhibitor-of-apoptosis protein, an event that initiates apoptosis in Spodoptera and Drosophila. Thus, the DDR is a conserved, proapoptotic response to baculovirus infection. DDR inhibition also repressed vDNA replication and reduced virus yields 100,000-fold, demonstrating that the DDR contributes to virus production, despite its recognized antivirus role. In contrast to virus-induced phosphorylation of Drosophila H2Av, AcMNPV blocked phosphorylation of the Spodoptera H2AX homolog (SfH2AX). Remarkably, AcMNPV also suppressed SfH2AX phosphorylation following pharmacologically induced DNA damage. These findings indicate that AcMNPV alters canonical DDR signaling in permissive cells. We conclude that AcMNPV triggers a proapoptotic DDR that is subsequently modified, presumably to stimulate vDNA replication. Thus, manipulation of the DDR to facilitate multiplication is an evolutionarily conserved strategy among DNA viruses of insects and mammals.
T
he molecular pathways by which infected cells sense viral pathogens and initiate an antiviral response serve as principal determinants of host immunity and virus pathogenicity. Beyond its canonical role in detecting damaged DNA and mediating DNA repair, the DNA damage response (DDR) functions as an intrinsic host defense that can limit virus multiplication and destroy infected cells by apoptosis (reviewed in reference 66). DNA viruses frequently degrade, mislocalize, modify, and even exploit components of the host DDR to counter these antiviral effects and to facilitate genome replication (66) . DNA viruses also encode factors that prevent apoptosis to ensure cell survival and virus propagation (reviewed in reference 2). Collectively, these strategies not only enhance virus multiplication but also promote genomic instability and transformation by disrupting DNA repair and limiting apoptosis of damaged cells (66) . These contributions to virus pathogenicity argue for a broader understanding of the mechanistic links between the virus-induced DDR and apoptosis, as well as the strategies whereby viruses evade and manipulate these host responses.
The baculoviruses are large DNA viruses that infect insects and can cause widespread apoptosis (reviewed in references 11 and 14) . A critical role for the host DDR in baculovirus-induced apoptosis was suggested by the finding that the prototype baculovirus Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) triggers apoptosis through events associated with the replication of its 134-kb DNA genome ( Fig. 1) (54, 64) . The replication of mammalian virus DNA (vDNA) is a well-established initiator of the DDR, which is also a trigger for apoptosis in both vertebrates and invertebrates (reviewed in references 61 and 66) . Indeed, AcMNPV DNA replication stimulates the DDR in cells derived from the permissive moth Spodoptera frugiperda (22) . However, as is the case for many DNA viruses, the replication events that initiate the DDR are unknown. Baculovirus DNA replication intermediates generated by rolling-circle and recombination-mediated mechanisms (reviewed in reference 51) probably mimic damaged DNA that subsequently triggers the DDR. The DDR commences with the activation of one or more phosphatidylinositol 3-kinase-like kinases, including ATM (ataxia telangiectasia-mutated kinase) and ATR (ATM-and Rad3-related kinase) (reviewed in references 10, 29, and 66) . Upon their recruitment to sites of damaged DNA, these kinases phosphorylate and activate multiple substrates, including the histone 2A variant H2AX (29) . Used as a classical indicator of the DDR, phosphorylated H2AX (␥-H2AX) plays a central role in amplifying DDR signaling and recruiting additional DDR components, including DNA repair factors (reviewed in references 3 and 63). Ultimately, DDR signaling leads to cell cycle arrest for DNA repair or apoptosis for elimination of damaged cells (reviewed in references 40, 61, and 66) .
Baculoviruses efficiently prevent host apoptosis through the activity of virus-encoded apoptotic suppressors, including P35, P49, and viral inhibitor-of-apoptosis (vIAP) protein, which target the proteolytic caspases that execute apoptosis ( Fig. 1) (11, 14) . The suppression of apoptosis enables baculoviruses to potentially exploit the otherwise proapoptotic DDR to stimulate virus propagation. Caspase activation occurs upon virus-signaled destruction of the host's inhibitor-of-apoptosis (IAP) proteins, which normally repress caspase activity (reviewed in reference 17). Through unknown events associated with AcMNPV DNA replication, the principal IAP of Spodoptera is rapidly depleted as a result of instability motifs embedded within its N-terminal leader domain (9, 64) . Likewise, AcMNPV DNA replication causes depletion of the Drosophila melanogaster IAP (DIAP1), which leads to widespread apoptosis in cultured cells derived from this distantly related insect species (54, 64) . Thus, baculoviruses provide a unique opportunity to define conserved pathways by which vDNA replication engages the host apoptotic program.
Here we use AcMNPV and Drosophila with its well-defined DDR and cell death programs (reviewed in references 18 and 61) to investigate the link between vDNA replication, the DDR, and apoptosis. We report that AcMNPV triggers the Drosophila DDR, which in turn initiates caspase activation and apoptosis. AcMNPV DNA replication is required to activate the DDR, which involves ATM and includes phosphorylation of H2Av, the Drosophila H2AX homolog. Similarly, the DDR was required for AcMNPV DNA replication-induced apoptosis of permissive Spodoptera cells. This finding suggests that the DDR is a conserved, proapoptotic response to baculovirus infection. Importantly, the Spodoptera DDR conferred a dramatic stimulation of AcMNPV multiplication and vDNA replication. However, unlike Drosophila H2Av, virus-induced phosphorylation of the Spodoptera H2AX homolog, SfH2AX, was reduced or suppressed. Thus, in permissive cells AcMNPV alters canonical DDR signaling. Our findings suggest that baculoviruses use a novel strategy of manipulating the host DDR to promote vDNA replication and thus virus propagation.
MATERIALS AND METHODS

Cells and viruses.
Spodoptera frugiperda IPLB-SF21 (SF21) cells (65) Ϫ polh Ϫ lacZ ϩ ) (34) were described previously. AcMNPV (HR3 strain) mutant ts8 was kindly provided by E. B. Carstens (Queen's University) (6, 16) . For inoculation, extracellular budded virus (BV) in TC100 -10% FBS was added to DL-1 and SF21 monolayers. After gentle rocking at room temperature for 1 h, the inoculum was replaced with FBS-supplemented medium and the cells were incubated at 27°C. Inoculations were conducted with the indicated multiplicity of infection (MOI) calculated as PFU per cell.
To measure BV production, virus inoculum (MOI, 0.5) was replaced with FBS-supplemented medium with vehicle (dimethyl sulfoxide [DMSO]) or the indicated drug. The concentration of drug was maintained by adding fresh drug-containing medium every 24 h. Growth medium was collected 72 h after infection, and the BV titers were determined by using SF21 cells and 50% tissue culture infective dose (TCID 50 ) endpoint dilution (45) .
Small-molecule inhibitors. Topoisomerase II inhibitor etoposide, pancaspase inhibitor benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (zVAD-fmk), DNA polymerase inhibitor aphidicolin, and ATM inhibitor KU55933 were purchased from Calbiochem, dissolved in DMSO, and diluted in FBS-supplemented medium at the concentrations indicated. Caffeine (Alexis Biochemicals) was dissolved directly in FBS medium. Where indicated, cells were overlaid with drug-containing FBS medium and incubated at 27°C.
Plasmids. (i) dsRNA production. pBluescript K/S ϩ (Invitrogen) plasmids containing portions of the enhanced green fluorescence protein (GFP) gene (egfp) or the AcMNPV genes ie-1, p143, lef-1, or p47 were described previously (54, 55) . Portions of Drosophila atm (GenBank accession number NM_001043247) and atr (GenBank accession number NM_078645) open reading frames (ORFs) were PCR amplified using DL-1 genomic DNA and the following primer sets: ATM #1, 5=-CGAGC TCCGGCAATGCGAAAAATCTCCG-3= and 5=-GGGTACCCGATCTC AAAGTTAAGGCCTCGC-3= (ORF nucleotides 1305 to 2005); ATM #2, 5=-GGAGCTCAGCGTTCTGCTGGAAGATGC-3= and 5=-AGGTACCG GTCAATTGGTTGGCGGC-3= (ORF nucleotides 6097 to 6834); and ATR, 5=-CGAGCTCGAGAGCTGCCTAAGTGAACCG-3= and 5=-AGGT ACCGATGGCTCCCAGTTCTCCG-3= (ORF nucleotides 2911 to 3639). PCR products were digested with SacI and KpnI (restriction sites underlined) and inserted into pBluescript K/S ϩ .
(ii) GFP
HA and GFP HA -P143. To generate plasmid pGFP HA , which encodes GFP with a C-terminal hemagglutinin (HA) epitope, the GFPencoding sequence of pAcIE1 hr /EGFP-AcIE1/PA (43) was PCR amplified and inserted into the ie-1 promoter-based expression vector pIE1 prm /PA. Expression plasmid pGFP HA -P143, which encodes the AcMNPV DNA helicase P143 fused to the C terminus of GFP HA , was constructed by insertion of the appropriate AatII fragment from pHSEpiHis/P143 (48) (kindly provided by Lorena Passarelli, Kansas State University) into AatIIdigested pGFP HA . P35 expression plasmid pIE1 prm /P35/PA was described previously (62) .
(iii) GFP HA -SfH2AX wt and -SfH2AX S135A . The predicted ORF of Spodoptera frugiperda h2ax (sfh2ax) was identified via a BLAST search of the Spodoptera frugiperda cDNA database, SpodoBase (39) , by using the lepidopteran species Bombyx mori h2ax sequence (GenBank accession number NM_001160195) as the query. The putative sfh2ax ORF was PCR amplified from a phage cDNA library of SF21 poly(A) ϩ RNA (26) by using primers 5=-AGCTAGCCCGACCTCCACGTTTAGAAGTG-3= and 5=-GCAAGCTTTTAATACTCTTGTGATGAGCTATTAGTGTTATGTT unknown viral DNA replication events trigger the host's DNA damage response (DDR), which activates DDR kinases. Virus DNA replication is stimulated by the DDR, but cellular inhibitor-of-apoptosis (IAP) proteins are depleted. The loss of IAP activates initiator and effector caspases, which cause apoptotic death. To prevent apoptosis and thus virus elimination, baculoviruses encode apoptosis inhibitors, including viral IAP (vIAP) and caspase inhibitors (vP49 and vP35). This strategy allows viral exploitation of the otherwise proapoptotic DDR. As also reported here, one or more baculovirus factors repress phosphorylation of the Spodoptera histone variant SfH2AX, a key regulatory step in the DDR, and thus manipulate the host DDR presumably to benefit virus multiplication. SfH2AX-P denotes the phosphorylated form of the protein.
GAC-3=. The PCR product was digested with NheI and HindIII (restriction sites underlined above) and inserted into pBluescript K/S ϩ . This pBS/SfH2AX vector was digested with PstI and HindIII, and the SfH2AX-containing fragment was inserted into the hr5 enhancer-containing expression vector pIE1 prm /hr5/PA (8) . The SfH2AX amino acid substitution S135A was generated via site-directed mutagenesis of pIE1 prm /hr5/ SfH2AX/PA by using standard PCR methods. The GFP HA -encoding sequence of pGFP HA was PCR amplified and inserted into NheI-digested pIE1 prm /hr5/SfH2AX/PA vectors to generate pIE1 prm /hr5/GFP HASfH2AX/PA expression constructs. pIE1 prm /GFP HA -SfH2AX/PA lacking the hr5 enhancer was constructed via AatII/SacI digestion of pIE1 prm /hr5/ GFP HA -SfH2AX/PA and insertion of the SfH2AX-containing fragment into pGFP HA . Transfection with dsRNA and plasmid DNA. RNA silencing (RNAi) was conducted by using gene-specific double-stranded RNA (dsRNA) as described previously (55) . After transfection with dsRNA mixed with cationic liposomes consisting of N- [1-(2, 3 dioleoyloxy) propyl]-N,N, N-trimethylammonium methyl sulfate-L-␣-phophatidylethanolamine, dioleoyl (C 18:1 , [cis]-9) (DOTAP-DOPE), DL-1 cells were maintained as monolayers for 2 days at 27°C, after which they were harvested, counted, and treated as indicated. Visual inspection revealed that all dsRNA preparations used here had no obvious effect on cell viability. For plasmid transfections, SF21 monolayers (10 6 cells per 35-mm plate) were overlaid with TC100 medium containing cesium chloride (CsCl)-purified plasmid previously mixed with DOTAP-DOPE as described previously (26) . GFP HA -SfH2AX stably transfected cells. SF21 cells were transfected with pIE1 prm /GFP HA -SfH2AX/PA and neomycin resistance plasmid pIE1/neo/PA and selected with Geneticin (G418 sulfate; Gibco-BRL) as described previously (8) . Following selection, a cloned cell line demonstrating GFP fluorescence was isolated via serial dilution of cells into 96-well culture plates.
Immunoblot assays and antisera. Cells were collected, lysed in 1% sodium dodecyl sulfate (SDS)-1% ␤-mercaptoethanol, and subjected to SDS-polyacrylamide gel electrophoresis. Proteins were transferred to Immobilon-P polyvinylidene difluoride (Millipore) or nitrocellulose (Osmonics, Inc.) membranes that were then incubated with the following antisera, diluted as indicated: polyclonal anti-H2AvD pS137 (1:1,000) (Rockland Immunochemicals), polyclonal anti-IE1 (1:10,000) (44), polyclonal anti-DrICE (1:5,000) (27) , affinity-purified polyclonal anti-SfIAP (1,1:000) (9), polyclonal anti-Sf-caspase-1 (1:1,000) (26) , monoclonal anti-P35 (1:5,000) (kindly provided by Yuri Lazebnik, Cold Spring Harbor Laboratory), monoclonal anti-HA (1:1,000) (Covance), polyclonal antigamma H2A.X pS139 (1:1,000) (ab11174; Abcam), and monoclonal antiactin (1:4,000) (BD Biosciences). Signal development was conducted by using alkaline phosphatase-conjugated goat anti-rabbit or goat antimouse immunoglobulin G (Jackson ImmunoResearch Laboratories, Inc.) with the CDP-Star Chemiluminescent detection system (Roche). Films were scanned at 300 dpi by using an Epson TWAIN Pro scanner and prepared using Adobe Photoshop CS2 and Adobe Illustrator CS2.
Cell death assays. Viable, nonapoptotic DL-1 and SF21 cells were counted at 2 h and 24 h after infection in the presence or absence of the indicated inhibitors by using a phase-contrast microscope (Axiovert 135TV; Zeiss) equipped with a Microfire camera (Optronics) and Picture frame software (Optronics) as described previously (21, 56) . The numbers of surviving cells were determined from six nonoverlapping fields of view from triplicate infections. Percent cell death is reported as the average reduction Ϯ standard deviation in the number of viable cells for each condition relative to 2 h after infection in the absence of inhibitors.
Quantitation of AcMNPV DNA. SF21 cells were infected with AcMNPV wt/lacZ and treated with or without the indicated drugs as described above. At 12 h after infection, infected cells were collected and total cellular DNA was extracted. AcMNPV DNA was quantified by using quantitative real-time PCR as described previously (54) . Samples were normalized for cell equivalents by using the Spodoptera frugiperda sfiap gene. Linearized plasmids containing sfiap or the AcMNPV HindIII-T genome fragment were used to generate standard curves. Values are reported as the average levels of viral DNA Ϯ standard deviations from triplicate infections relative to that of infected cells treated without drug.
Confocal microscopy. SF21 cells (2 ϫ 10 6 cells) were seeded onto glass coverslips in 35-mm plates and transfected with plasmids encoding the indicated proteins. After 24 h, the cells were fixed with 4% formaldehyde in TC100 for 30 min, washed in PHEM buffer (60 mM PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], pH 6.9, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl 2 ), overlaid with 0.5 g/ml 4=, 6-diamidine-2-phenylindole dihydrochloride (DAPI) (Roche) in PHEM buffer for 10 min, and then washed with PHEM buffer. For infections, SF21 cells on coverslips were transfected with plasmid, inoculated 24 h later with AcMNPV wt/lacZ, and incubated in growth medium with or without drug. After 24 h, infected cells were fixed as described above. DAPI and GFP fluorescence were monitored by excitation at wavelengths () of 408 and 488, respectively. Fluorescence images were collected with a Nikon Eclipse TE2000-U confocal microscope (kindly provided by Tom Martin, University of Wisconsin-Madison) and prepared by using Adobe Photoshop CS2.
Nucleotide sequence accession number. The nucleotide sequence of the Spodoptera h2ax (sfh2ax) ORF identified in this study was submitted to the GenBank database under the accession number JX154397.
RESULTS
AcMNPV triggers a DNA damage response in Drosophila. Baculovirus AcMNPV causes widespread and uniform apoptosis of Drosophila DL-1 cells as a result of virus DNA (vDNA) replication (54) . Because apoptosis and the DNA damage response are well characterized in Drosophila (18, 61), we have used this advantageous system to define the linkage between these two pathways during infection. In AcMNPV-inoculated DL-1 cells, vDNA replicates with kinetics comparable to that in cells from permissive hosts (54) . Thus, to determine whether vDNA replication triggers a DNA damage response (DDR), we assessed DDR activation during the course of infection. To this end, we used phosphorylated H2Av (␥-H2Av) as a sensitive indicator of the Drosophila DDR. This histone 2A variant is rapidly phosphorylated at the nuclear sites of damage by Drosophila kinases ATM and ATR, which function at the apex of DDR signaling (33, 49) . Robust phosphorylation was confirmed in DL-1 cells ( Fig. 2A , lanes 1 and 2) as ␥-H2Av was readily detected by phospho-specific H2Av antiserum after treatment with etoposide, a potent DNA damage-inducing topoisomerase inhibitor (7) . Upon inoculation with AcMNPV, ␥-H2Av levels also increased, beginning with vDNA replication at 6 h ( Fig. 2A , lanes 3 to 6). Virus-induced ␥-H2Av peaked by 12 h and remained through 24 h after inoculation (lanes 7 to 11). The AcMNPV immediate early transactivator IE1 was detected before the increase in ␥-H2Av (lanes 4 and 5). These findings suggested that AcMNPV induces the DDR in Drosophila.
To confirm that the host DDR was responsible for virus-induced H2Av phosphorylation, we used RNA silencing (RNAi) to ablate the DDR kinases ATM and ATR. Treatment of DL-1 cells with either of two nonoverlapping, atm-specific dsRNAs before infection reduced virus-induced ␥-H2Av to background levels ( Fig. 2B, lanes 8 and 9) . Conversely, atr-specific dsRNA (lane 10) had no effect on ␥-H2Av levels, which were comparable to those of control egfp dsRNA-treated (lane 7) or -untreated (lane 6) cells. None of the dsRNAs induced ␥-H2Av in mock-infected cells (lanes 2 to 5), nor did they affect virus entry or early gene expression as judged by comparable levels of intracellular viral IE1 (Fig.  2B) . To verify the efficacy of RNA silencing, we monitored ␥-H2Av in DL-1 cells treated with etoposide to pharmacologically induce DNA damage. As expected, atm-specific but not egfp-spe-cific dsRNAs reduced etoposide-induced ␥-H2Av (Fig. 2C, lanes 7  to 9) . Collectively, these findings indicated that AcMNPV elicits an ATM-driven DDR in Drosophila. Because we were unable to confirm ATR ablation by RNAi (lane 10), it remains possible that ATR also contributes to this DDR.
Baculovirus DNA replication activates the Drosophila DDR. On the basis that H2Av phosphorylation coincided with the initiation of vDNA synthesis ( Fig. 2A) , we predicted that vDNA replication triggers the DDR. We tested this possibility by silencing essential AcMNPV replicative genes and thereby inhibiting vDNA synthesis. AcMNPV IE1 is required for replicative gene expression and contributes directly to vDNA synthesis (54, 60, 62) . Upon treatment with ie-1-specific dsRNA, IE1 was ablated and virusinduced ␥-H2Av was reduced to background levels (Fig. 3A, lane  9) . Silencing DNA helicase P143 or DNA primase LEF-1, both of which are essential for AcMNPV DNA replication, caused comparable reductions in ␥-H2Av (lanes 10 and 11). In contrast, silencing the late viral RNA polymerase P47, which is not required for vDNA synthesis (46, 54) , had no effect on virus-induced ␥-H2Av (lane 12). None of the dsRNAs induced ␥-H2Av in the absence of virus (lanes 1 to 6). We concluded that baculovirus DNA replication and not late gene expression is required for activation of the Drosophila DDR.
The end stages of caspase-dependent apoptosis include fragmentation of host chromosomal DNA (50) . To rule out the possibility that the DDR was triggered by caspase-mediated DNA damage, we monitored ␥-H2Av under conditions of complete caspase inhibition. Treatment with zVAD-fmk, a potent cell-permeable inhibitor of Drosophila caspases, had no effect on virusinduced levels of ␥-H2Av (Fig. 3B, lanes 3 and 4) . Confirming the efficacy of zVAD-fmk, virus-induced processing of the Drosophila effector caspase DrICE to its active large and small subunits (27, 64) was fully blocked (compare lanes 3 and 4). We concluded that the DDR was caspase independent and thus triggered by vDNA replication-dependent events upstream of apoptosis.
ATM/ATR inhibitors block baculovirus-induced apoptosis in Drosophila. To assess the contribution of the DDR to apoptosis triggered by infection, we determined the effects of known inhibitors of DDR kinases on AcMNPV-induced apoptosis. Caffeine is a broad but effective inhibitor of ATM, ATR, and cell cycle checkpoint kinases (52) . Caffeine suppressed AcMNPV-induced apoptosis in a dose-dependent manner. DL-1 cells remained intact and exhibited little or no apoptotic debris after inoculation with a ϩ AcMNPV recombinant wt/lacZ (MOI, 10). Uninfected monolayers were also treated with DMSO vehicle (veh) or 100 M etoposide (etop). Whole-cell lysates prepared at the specified times (hours) thereafter were subjected to immunoblot analysis using phospho-specific antiH2Av serum (top), anti-IE1 serum (middle), or anti-actin (bottom) to verify protein loading. H2Av-P denotes phosphorylated Drosophila H2Av. Protein molecular size standards (in kilodaltons) are designated on the left. (B) ATMand ATR-specific RNAi of infected cells. DL-1 cells were transfected with no dsRNA (none) or with egfp-, atm-1, atm-2, or atr-specific dsRNAs and 48 h later mock infected (mi) or inoculated (ϩvirus) with AcMNPV wt/lacZ (MOI, 10). Whole-cell lysates prepared 12 h after infection were subjected to immunoblot analysis as described for panel A. (C) ATM-and ATR-specific RNAi of etoposide-treated cells. DL-1 cells were transfected with the indicated dsRNAs and treated 48 h later with DMSO (vehicle) or etoposide (100 M). Whole-cell lysates prepared 2 h later were subjected to immunoblot analysis as described for panel A. p35-deficient AcMNPV mutant in the presence of 10 mM caffeine (Fig. 4A, panel iii) , the minimum concentration for inhibition. Conversely, in the absence of drug, cell death and debris were abundant (panel ii), as expected (27, 71, 73) . By 24 h after inoculation, caffeine reduced virus-induced apoptosis ϳ6-fold compared to that of untreated controls (Fig. 4B) . This level was comparable to that of cells treated with aphidicolin, an inhibitor of AcMNPV DNA synthesis that prevents virus-induced apoptosis (12) . Confirming caffeine-mediated inhibition of apoptosis, proteolytic processing of the Drosophila effector caspase DrICE to its active large and small subunits was blocked in a dosedependent manner (Fig. 4C) . Active DrICE is a principal mediator of baculovirus-induced apoptosis in DL-1 cells (27, 64) . Ruling out the possibility that caffeine blocked virus entry or early gene expression, levels of intracellular IE1 were comparable up through 10 mM caffeine (Fig. 4C) . Importantly, caffeine prevented both virus-and etoposide-induced phosphorylation of H2Av in a dose-dependent manner (Fig. 4C and D) . Thus, caffeine is a potent inhibitor of the Drosophila DDR. In contrast, the drug KU55933, which is an inhibitor of human ATM (20) , failed to block H2Av phosphorylation in infected DL-1 cells (data not shown). As predicted, therefore, KU55933 had no effect on AcMNPV-induced apoptosis of these cells. Collectively, our findings indicated that the DDR contributes to baculovirus-induced apoptosis.
ATM/ATR inhibitors block baculovirus-induced apoptosis in Spodoptera. AcMNPV also triggers a DDR in cultured cells of the natural lepidopteran host Spodoptera frugiperda (22) . To further examine the connection between virus-induced apoptosis and the DDR, we compared the responses in Drosophila and Spodoptera, two evolutionarily distinct insect lineages that diverged ϳ350 million years ago (15) . As in DL-1 cells, 10 mM caffeine suppressed p35-deficient AcMNPV-induced apoptosis of SF21 cells (Fig. 5A ). Compared to vehicle-treated or untreated cells, caffeine reduced cell death at 24 h more than 2-fold (Fig. 5B) . Treatment of SF21 cells with the ATM-specific inhibitor KU55933 (20) also suppressed virus-induced apoptosis (Fig. 5A and B) . The level of inhibition by the ATM/ATR inhibitors was comparable to that of aphidicolin, a potent inhibitor of AcMNPV DNA synthesis. These findings suggested that one or more Spodoptera ATM/ATR homologs contribute to baculovirus-induced apoptosis.
The inhibitor-of-apoptosis (IAP) proteins regulate caspasedependent apoptosis in vertebrates and invertebrates (11, 14, 17) . Upon baculovirus infection, the principal cellular IAP in Spodoptera, SfIAP, is rapidly destroyed by a mechanism triggered by vDNA replication (9, 64) . Loss of SfIAP causes caspase activation and apoptotic cell death. Treatment of SF21 cells with either caffeine or KU55933 delayed virus-induced depletion of SfIAP compared to vehicle-treated cells (Fig. 5C) . Consistent with the delay in SfIAP loss, these inhibitors reduced the accumulation of active subunits of Sf-caspase-1 (Fig. 5C, lanes 5 to 8) , which is the principal effector caspase of Spodoptera (1, 26, 73) . Caffeine or KU55933 had no effect on SfIAP or Sf-caspase-1 levels in mockinfected cells over the course of the experiment (data not shown). Thus, caffeine and KU55933 suppressed apoptosis at a step upstream of virus-induced depletion of SfIAP in Spodoptera.
The Spodoptera DDR stimulates AcMNPV DNA replication. Despite the detrimental effects of virus-induced apoptosis, some viruses hijack components of the host's DNA damage response, including ATM and ATR, to promote virus multiplication (66). Caffeine's inhibitory effect on AcMNPV has suggested that baculoviruses do the same (22) . To further explore this possibility, we also quantified the effects of ATM and ATR inhibition on AcMNPV replication. In preliminary experiments, we discovered that the potency of caffeine and KU55933 declined significantly through 24 h at 27°C (data not shown); consequently, each drug was replenished every 24 h during infection. By 72 h, caffeine and KU55933 suppressed budded virus yields ϳ100,000-fold compared to untreated or vehicle-treated controls (Fig. 6A) . Neither drug interfered with early synthesis of AcMNPV proteins IE1, IE0, or P35 (data not shown), indicating that virus entry and early gene expression and function were unaffected. These findings suggested that Spodoptera ATM/ATR homologs are required for replication events occurring downstream of early virus gene expression. Thus, to determine the effect of ATM/ATR inhibition on baculovirus DNA synthesis, we used quantitative real-time PCR to measure AcMNPV DNA accumulation. During the exponential increase in vDNA synthesis in SF21 cells (12 h), caffeine and KU55933 reduced vDNA accumulation ϳ18-and ϳ8-fold, respectively, compared to controls (Fig. 6B) . The DNA synthesis inhibitor aphidicolin reduced vDNA accumulation similarly. These findings confirmed that ATM/ATR inhibitors suppressed one or more events required for AcMNPV DNA replication.
To investigate replicative events affected by ATM/ATR inhibition, we monitored formation of vDNA replication centers by using confocal microscopy. Comprised of AcMNPV DNA and replicative factors, including vDNA helicase P143, these replication centers expand dramatically within the infected nucleus, forcing host chromatin to the nuclear periphery (38, 41) . Viral DNA replication centers and marginalized host DNA are readily detected by DAPI staining of AcMNPV-infected cells (Fig. 6C,  panel iv) . The replication center is depicted by the presence of helicase P143, which can be visualized by coexpression of a GFP-P143 fusion protein in infected cells (panels v and vi). In uninfected cells, GFP-P143 localizes exclusively to the cytoplasm (panels ii and iii) because this helicase must interact with virus DNA-binding protein LEF-3 for nuclear import (72) . Upon caffeine treatment of infected cells, viral replication centers failed to enlarge. Rather, DAPI-stained DNA was retained in small punctate foci and GFP-P143 was evenly distributed through the nucleus (panels vii to ix). The nuclear presence of P143 indicated that caffeine had no effect on LEF-3-mediated import. These findings confirmed that caffeine blocks one or more early events required for vDNA replication and are consistent with host ATM/ATR playing a critical role in the replication process.
DNA damage triggers phosphorylation of Spodoptera histone H2AX. To better define the biochemical activities of ATM and ATR during infection, we obtained histone H2AX from Spodoptera for use as a substrate and a sensitive marker for Spodoptera DDR activation. Using nucleotide sequence similarity with the Bombyx mori h2ax homolog, we identified and cloned the Spodoptera h2ax (sfh2ax) gene from an SF21 cDNA library (26) . Sequence analysis revealed that SfH2AX is a 138-residue protein with conserved DNA-binding residues within the histone 2A core and a C-terminal consensus site at Ser135 for phosphorylation by ATM and ATR (Fig. 7) . Upon fusion with GFP (Fig. 8A) , GFP HASfH2AX localized preferentially to the nuclei of plasmid-transfected SF21 cells (Fig. 8B , panels v and vi), consistent with previous reports for nuclear import and chromatin incorporation of GFP-histone fusion proteins (24, 59) . In contrast, GFP alone was evenly distributed within the cell (panels ii and iii). Following infection with AcMNPV, GFP HA -SfH2AX was excluded from vDNA replication centers and redistributed to the nuclear periphery, colocalizing with DAPI-stained host chromatin (panels x to xii). Altogether, these findings suggested that GFP HA -SfH2AX functions as expected for a typical histone within both uninfected and baculovirus-infected cells (38) .
To demonstrate that SfH2AX is an ATM/ATR substrate, we compared phosphorylation of GFP HA -SfH2AX with that of S135A-mutated GFP HA -SfH2AX, in which the consensus ATM/ ATR phosphorylation residue Ser135 was replaced by Ala (Fig.  8A) . Both fusion proteins localized to the nucleus of plasmidtransfected cells (Fig. 8B, panels iv to ix) . Moreover, the DNA damage-inducing agent etoposide triggered phosphorylation of a protein with a size expected for ␥-GFP HA -SfH2AX (45 kDa) as detected by phospho-specific H2AX antiserum (Fig. 9, lane 2) . Caffeine and KU55933 blocked this phosphorylation (lanes 3 and 4). In contrast, etoposide failed to induce phosphorylation of S135A-mutated GFP HA -SfH2AX (lane 8), which was present at levels comparable to those of the wild-type fusion protein (compare lanes 2 and 8). Neither protein was phosphorylated when treated with vehicle alone (lanes 1 and 7) . We concluded that GFP HA -SfH2AX is phosphorylated by Spodoptera ATM/ATR ho- mologs at its consensus residue in response to DNA damage and therefore recapitulates the function of endogenous H2AX proteins (29, 61) . Because the phosphorylation signature of GFP HASfH2AX is specific and robust, it represents a highly sensitive indicator of the Spodoptera DDR. As such, we used it to further characterize the interplay between baculoviruses and the host DDR.
AcMNPV represses SfH2AX phosphorylation. The demonstrated role of Spodoptera ATM/ATR in baculovirus DNA replication suggested that the host DDR contributes to optimum virus multiplication ( Fig. 6; see also reference 22 ). Due to the critical nature of ␥-H2AX in DDR signaling, we predicted that AcMNPV infection of Spodoptera SF21 cells would trigger phosphorylation of SfH2AX. To our surprise, however, GFP HA -SfH2AX-producing SF21 cells exhibited only background levels of phosphorylation after infection (Fig. 9 , compare lanes 5 and 6). This low level of ␥-GFP HA -SfH2AX was comparable to that of infected cells producing S135A-mutated GFP-SfH2AX (compare lanes 6 and 10). Ruling out the possibility that GFP HA -SfH2AX was destabilized, AcMNPV had no effect on total levels of either the wild-type or S135A-mutated forms of the protein (Fig. 9 , compare lanes 5 to 6 and 9 to 10). The presence of intracellular IE1 and IE0 confirmed infection (lanes 6 and 10).
This finding raised the interesting possibility that AcMNPV modulates host phosphorylation of SfH2AX and thus manipulates aspects of the DDR to its own advantage. To investigate, we first tested AcMNPV's ability to affect SfH2AX phosphorylation in response to an independent DNA-damaging agent, etoposide. To this end, we treated cells with increasing doses of etoposide at various times after AcMNPV infection and monitored levels of ␥-GFP HA -SfH2AX. At 3 h after infection, etoposide-induced levels of ␥-GFP HA -SfH2AX were indistinguishable in infected versus uninfected cells (Fig. 10A, compare lanes 1 to 3 with 4 to 6) . However, by 6 h, ␥-GFP HA -SfH2AX was reduced within infected cells (lanes 10 to 12) . By 12 h, only background levels of ␥-GFP HASfH2AX were detected following etoposide treatment of infected cells (lanes 16 to 18) . Similarly, virus infection suppressed ␥-GFP HA -SfH2AX induced by a second DNA-damaging agent, bleocin (data not shown). In each case, the total level of intracellular GFP HA -SfH2AX was unchanged (Fig. 10A, lanes 1 to 18) and IE1 and IE0 were readily detected in infected cells. These findings suggested that AcMNPV mediates a time-dependent impairment of GFP HA -SfH2AX phosphorylation.
To verify that inhibition of SfH2AX phosphorylation is a direct result of infection, we monitored this phenomenon at different MOIs. If AcMNPV actively alters SfH2AX phosphorylation, then increased virus gene dosage that is conferred by high MOIs would enhance this effect. Indeed, as the MOI was increased, etoposideinduced GFP HA -SfH2AX phosphorylation was reduced (Fig.  10B) ; at the highest MOIs, only background levels of ␥-GFP HASfH2AX were detected (lanes 4 and 5). As expected, infection had no effect on the steady-state levels of GFP HA -SfH2AX (lanes 1 to HASfH2AX (top) contains Spodoptera SfH2AX (138 residues) fused to the C terminus of GFP HA (bottom). The required Ser residue (Ser135) comprising the consensus ATM/ATR phosphorylation site (SQ) within SfH2AX was replaced by Ala in GFP HA -SfH2AX S135A (middle). HA epitope tags are indicated. (B) Fluorescence microscopy. SF21 cells were fixed 24 h after transfection with plasmids expressing the indicated proteins (panels i to ix). Cells were also inoculated (ϩ virus) with AcMNPV wt/lacZ (MOI, 10) 24 h after transfection and fixed 24 h later (panels x to xii). All cells were stained with DAPI and viewed by fluorescence microscopy. Representative fields at the same magnification are shown. White arrows denote marginalized host chromatin at the nuclear periphery of infected cells. Asterisks mark viral DNA replication centers. Bar, 5 m. 10) with AcMNPV wt/lacZ (MOI, 10). Whole-cell lysates prepared 1 h after drug treatment or 12 h after infection were subjected to immunoblot analysis by using phospho-specific anti-H2AX (top), anti-HA (middle top), anti-IE1 (middle bottom), or anti-actin (bottom). GFP-H2AX-P denotes the phosphorylated form of the protein.
5). Indicative of increased gene dosage, IE1/IE0 levels accumulated with MOI (Fig. 10B) . We concluded that alteration of SfH2AX phosphorylation was directly proportional to the level of input virus and thus gene dosage. This finding is consistent with the presence of a virus-encoded activity that affects ␥-SfH2AX during vDNA replication.
AcMNPV repression of SfH2AX phosphorylation is independent of vDNA replication. Impairment of SfH2AX phosphorylation coincided with the start of vDNA replication by ϳ6 h after infection (Fig. 10A) . Thus, as a means to investigate the virusspecific genes or events responsible, we determined whether Ac-MNPV DNA replication or late gene expression was required for this inhibition. To this end, we used AcMNPV mutant ts8 (Fig.  10C) , a virus that carries a temperature-sensitive defect within the DNA helicase gene p143 (32) . At the nonpermissive temperature, ts8 expresses early viral genes but fails to synthesize viral DNA, express late genes, or produce infectious virus (16) . Thus, we monitored the capacity of ts8 to affect etoposide-induced phosphorylation of GFP HA -SfH2AX at permissive and nonpermissive temperatures. At the permissive temperature (24°C), ts8 blocked etoposide-induced GFP HA -SfH2AX phosphorylation as well as wild-type AcMNPV (Fig. 10D, lanes 2 to 4) . Similarly, at the nonpermissive temperature (33°C), inhibition of SfH2AX phosphorylation by ts8 was comparable to that by wild-type virus (lanes 6 to 8). Neither virus had any effect on the total intracellular levels of GFP HA -SfH2AX (lanes 1 to 8). We confirmed the temperature sensitivity of ts8 (data not shown) as indicated by the absence of late viral protein synthesis and the lack of occluded virus (OV) production at nonpermissive temperature (16, 25, 32) . Collectively, these findings demonstrated that P143-mediated vDNA synthesis and virus late gene expression are not required for virusmediated reduction of SfH2AX phosphorylation. These data suggested that one or more early AcMNPV factors produced prior to vDNA synthesis alter SfH2AX phosphorylation and that this activity modifies the host DDR for optimum virus multiplication.
DISCUSSION
In this study, we report that the prototype baculovirus AcMNPV elicits a DNA damage response in cells derived from evolutionarily divergent insects, including Drosophila (order Diptera) and Spodoptera (order Lepidoptera). Events associated with vDNA replication activated host DDR kinases, including ATM, which were required for depletion of cellular IAPs and subsequent caspase activation. Despite this proapoptotic antiviral role, the host DDR stimulated AcMNPV DNA replication and contributed significantly to virus yields. Thus, by virtue of baculovirus apoptotic suppressors that block cell death, these DNA viruses exploit the host DDR to promote multiplication (Fig. 1) . Indeed, we dis- covered here that AcMNPV alters the DDR through virus-encoded activities that affect phosphorylation of host histone variant H2AX, a central regulator of the DDR. Thus, viral manipulation of the host DDR (66) is an efficient multiplication strategy conserved among DNA viruses of both insects and mammals.
Baculovirus activation of host DDR-mediated apoptosis. The best-studied invertebrate DDR is that of Drosophila. Many key DDR factors of mammals (e.g., ATM, ATR, H2AX, Mre11, Rad50, Nbs1, Chk2, p53, etc.) have Drosophila orthologs (61) . We demonstrated here that AcMNPV DNA replication activates the Drosophila DDR, including the DDR kinase ATM, at a step upstream from caspase activation and cellular DNA fragmentation. In virus-infected DL-1 cells, ATM activity was blocked by RNAi ablation of ATM and AcMNPV replicative factors but not by caspase inhibition, as demonstrated by effects on ATM-mediated phosphorylation of the Drosophila histone variant H2Av (Fig. 2  and 3 ). The ATM inhibitor caffeine also blocked or reduced H2Av phosphorylation following etoposide-induced DNA damage, verifying the role of ATM in the Drosophila DDR. Importantly, caffeine also suppressed H2Av phosphorylation and apoptosis in virus-infected Drosophila cells (Fig. 4) . Consistent with the established role of the DDR as an inducer of Drosophila apoptosis (61), our findings suggest that the DDR activated by vDNA replication triggers apoptosis. Upon activation by the DDR, the Drosophila P53 ortholog (DmP53) can upregulate proapoptotic factors that destabilize cellular IAPs to promote caspase activation and apoptosis (5, 36) . However, DmP53-independent pathways for apoptosis also exist (35, 68) . Thus, whether DmP53 or other proapoptotic factors contribute to baculovirus-induced apoptosis requires further study.
Cellular IAP is rapidly depleted as an apical step during apoptosis of virus-infected cells of Drosophila and Spodoptera, two insect lineages that diverged ϳ350 million years ago (15, 54, 56, 64) . We demonstrated here that blocking the DDR with kinase inhibitors caffeine and KU55933 delayed virus-induced depletion of Spodoptera SfIAP and thus suppressed caspase activation and apoptosis (Fig. 5) . We confirmed that both drugs inhibited the DDR of Drosophila and Spodoptera (Fig. 4 and 9) . Thus, our findings indicate that loss of cellular IAP function is a consequence of DDR activation. Because the Spodoptera DDR stimulates AcMNPV DNA replication (see below and reference 22) , it is also possible that the DDR accelerates apoptosis by contributing directly to vDNA synthetic events in a type of feedback loop (Fig. 1) . Although the exact mechanism(s) by which the DDR promotes IAP destruction and thus apoptosis remains to be defined, it is clear that the DDR plays an evolutionarily conserved role as a proapoptotic antiviral defense.
Host DDR-mediated enhancement of baculovirus multiplication. Despite its role in promoting virus-induced apoptosis, we observed that the DDR also stimulated viral DNA synthesis and contributed significantly to virus production. Caffeine-and KU55933-mediated inhibition of DDR kinases restricted accumulation of AcMNPV DNA as potently as the DNA synthesis inhibitor aphidicolin (Fig. 6) . Yields of budded virus were reduced ϳ100,000-fold. Thus, our findings agree with those of Huang et al. (22) , who found that the AcMNPV-induced DDR contributes to virus replication. Notably, the baculoviruses can usurp host DDR activities to promote vDNA replication by virtue of their ability to efficiently block the proapoptotic outcome at downstream steps with caspase inhibitors (Fig. 1) .
How the DDR facilitates replication of DNA viruses is poorly understood (66) . For human cytomegalovirus (HCMV) and herpes simplex virus 1 (HSV-1), the host DDR contributes to vDNA replication (13, 31, 58, 69) . These viruses recruit DDR and DNA repair factors to the replication compartments, suggesting these factors participate in recombination-dependent replication (reviewed in references 67 and 70). We observed that the Spodoptera DDR is required for formation of nuclear AcMNPV replication centers (Fig. 6) . Given the high level of recombination during baculovirus DNA replication (reviewed in references 42 and 51), it is likely that host DDR components are recruited to these virus centers for a similar purpose. DDR kinases such as ATM may also phosphorylate baculovirus replicative factors to activate them for vDNA synthesis. This mechanism has been proposed for ATMdriven phosphorylation of simian virus 40 (SV40) large T-antigen, which is required for optimal SV40 replication (57) . Indeed, we recently demonstrated that phosphorylation of the essential replicative factor IE1 of AcMNPV coincides with vDNA replication (62) . IE1 phosphorylation was mediated by a caffeine-sensitive kinase and was required for IE1 replicative activity. Thus, IE1 may be regulated by the DDR. The DDR may also contribute to baculovirus-induced cell cycle arrest and thereby establish a cellular environment more favorable for vDNA replication (4, 23, 47) . Further studies should define the mechanisms whereby the host DDR facilitates baculovirus replication.
AcMNPV manipulation of the host DDR. ATM-mediated phosphorylation of histone variant H2AX is a key step in the regulation and amplification of the DDR (3, 63) . ␥-H2AX recruits DDR components and repair factors to the site of DNA damage and is a sensitive marker for DDR activation in diverse organisms. AcMNPV induced phosphorylation of H2Av during the peak of vDNA synthesis in Drosophila (Fig. 2) . In Spodoptera, etoposideinduced DNA damage also caused ATM-mediated phosphorylation of SfH2AX (Fig. 9) . Thus, we were surprised that ␥-SfH2AX was reduced to background levels upon AcMNPV infection. To increase sensitivity, we used GFP HA -SfH2AX, which localized to the nucleus (Fig. 8 ) and behaved as a bona fide ATM substrate in a residue (Ser135)-specific manner (Fig. 9) . We confirmed that AcMNPV repressed etoposide-induced ␥-SfH2AX in an MOI-dependent manner (Fig. 10) . Moreover, this repression coincided with the period of peak vDNA synthesis. Additional experiments (data not shown) indicated that this repressive activity declines as vDNA synthesis subsides late in infection. Hence, our findings suggest an important role for repression of histone SfH2AX phosphorylation and thus modulation of the host DDR for baculovirus DNA replication (see below). Moreover, these preliminary findings explain discrepancies between our studies and those of Huang et al. (22) , wherein SfH2AX was shown to be phosphorylated late in infection.
By using a conditional lethal mutant (ts8) for DNA replication, we determined that late gene expression had no effect on repression of ␥-SfH2AX. These findings suggest the involvement of one or more early AcMNPV genes in Spodoptera (Fig. 1) . Additional studies are required to determine why AcMNPV is less efficient for repressing ␥-H2Av during infection of Drosophila cells, which support expression of some early AcMNPV genes (37, 54) . Preliminary studies suggest that AcMNPV represses ␥-H2Av that is triggered by etoposide-induced DNA damage in Drosophila (data not shown). Thus, in this context, AcMNPV may function in part to repress DNA damage-induced ␥-H2Av. Efforts to identify the AcMNPV factor(s) responsible are under way.
DNA viruses regularly disable antiviral facets of the DDR to exploit other beneficial aspects for DNA replication (66) . Our study suggests that virus-mediated repression of ␥-H2AX is another such tactic. We hypothesize that this repressive activity is a baculovirus strategy for manipulating the host DDR to render it more favorable for vDNA replication. Relevant to this hypothesis, we observed that GFP HA -SfH2AX was marginalized to the nuclear periphery away from AcMNPV replication centers (Fig. 8C) . This finding and those of another study (38) suggest that SfH2AX associates exclusively with host chromatin, not baculovirus DNA, during infection. Because ␥-H2AX recruits DDR and DNA repair components, it may be advantageous to prevent retention of DDR factors on host chromatin, thereby ensuring their availability for vDNA replication by suppressing SfH2AX phosphorylation. This process may be especially critical at the onset of vDNA replication, prior to marginalization of host H2AX/chromatin and the establishment of discrete vDNA centers. Further studies should provide insight into the mechanism of ␥-H2AX repression and its benefits for baculovirus replication.
